The decarboxylation of phthalic acids was studied with Bacillus sp. strain FO, a marine mixed culture ON-7, and Pseudomonas testosteroni. The mixed culture ON-7, when grown anaerobically on phthalate but incubated aerobically with chloramphenicol, quantitatively converted phthalic acid to benzoic acid. Substituted phthalic acids were also decarboxylated: 4,5-dihydroxyphthalic acid to protocatechuic acid; 4-hydroxyphthalic and 4-chlorophthalic acids to 3-hydroxybenzoic and 3-chlorobenzoic acids, respectively; and 3-fluorophthalic acid to 2-and 3-fluorobenzoic acids. Bacillus sp. strain FO gave similar results except that 4,5-dihydroxyphthalic acid was not metabolized, and both 3-and 4-hydroxybenzoic acids were produced from 4-hydroxyphthalic acid. P. testosteroni decarboxylated 4-hydroxyphthalate (to 3-hydroxybenzoate) and 4,5-dihydroxyphthalate but not phthalic acid and halogenated phthalates. Thus, P. testosteroni and the mixed culture ON-7 possessed 4,5-dihydroxyphthalic acid decarboxylase, previously described in P. testosteroni, that metabolized 4,5-dihydroxyphthalic acid and specifically decarboxylated 4-hydroxyphthalic acid to 3-hydroxybenzoic acid. The mixed culture ON-7 and Bacillus sp. strain FO also possessed a novel decarboxylase that metabolized phthalic acid and halogenated phthalates, but not 4,5-dihydroxyphthalate, and randomly decarboxylated 4-hydroxyphthalic acid.
Interest in the biodegradation of o-phthalic acid (phthalic acid) arises from the detection of the commercially synthesized phthalic acid esters in natural environments (3, 17) . Phthalic acid is aerobically degraded by a variety of microbes that use several different but interlacing catabolic pathways (13, 22) ; however, little is known about its anaerobic breakdown. Recent work indicated that phthalic acid might be metabolized to benzoate (1, 2) , which is readily dissimilated both aerobically and anaerobically by bacteria (8, 26) . This report proves the conversion of phthalic acid to benzoic acid and examines the metabolism of substituted ophthalic acids by a mixed culture isolated from a marine sediment that rapidly degrades phthalic acid under anoxic conditions (1) and by a pure culture, Bacillus sp. strain FO, that employs the conversion as the initial stage during either aerobic or anaerobic growth on phthalic acid (2) .
MATERIALS AND METHODS
Bacteriological methods. Bacillus sp. strain FO and the marine mixed culture ON-7 were grown as described previously (1, 2) . Pseudomonas testosteroni NH1024, a mutant of P. testosteroni lacking 4,5-dihydroxyphthalic acid decarboxylase (14) , was grown on the same medium as Bacillus sp. strain FO. Revertants of P. testosteroni NH1024 that grew aerobically on phthalic acid were isolated by spreading and incubating cells on agar medium containing 5 mM phthalic acid. Bacteria were harvested from liquid media by centrifugation at room temperature (12,000 x g, for 10 min), washed, and suspended in either 0.05 M potassium phosphate buffer (pH 7.0) (Bacillus sp. strain FO, P. testosteroni) or a salts solution containing 0.2 M NaCl, 0.05 M MgCl2, and 0.01 M KCI (culture ON-7).
Substrate transformation experiments were carried out with 50-ml Erlenmeyer flasks or 30-ml serum bottles that were incubated either aerobically or anaerobically (after being closed with recessed butyl rubber stoppers and gassed with N2) at 30°C with rotary shaking (200 rpm). The flasks or bottles usually contained 5 ml of liquid, either salts solution or phosphate buffer, with 2.5 or 5 mM substrates, 100 ,ug of chloramphenicol per ml, and, when used, 20 mM KNO3.
Chromatographic methods. Bacteria were removed by centrifugation of the samples. For gas-liquid chromatography, the aqueous samples were acidified and extracted with diethyl ether, and the extracts were treated with diazomethane that was generated from nitrosomethylurea. The methylated products were separated and quantified with a gas chromatograph (model 2700; Varian Associates, Walnut Creek, Calif.) with flame ionization detectors. The gas flow rates were: N2 (carrier), 65 ml/min; H2, 30 ml/min; and air, 300 mlmin. Porapak Q (80/100 mesh) in a stainless steel column (183-cm by 0.3-cm outer diameter) was used at 240°C to separate methyl benzoate and di- Other methods. P. testosteroni NH1024 was used to prepare 4,5-dihydroxyphthalic acid from phthalic acid. Cells from a 100-ml culture grown aerobically on a medium containing 0.5% yeast extract and 5 mM phthalic acid were harvested, washed, and suspended in 5 ml of 0.05 M potassium phosphate buffer (pH 7.0) containing 10 mM phthalic acid. After being incubated aerobically for 4 days at 30°C with rotary shaking (200 rpm), the bacteria were removed by centrifugation, followed by membrane filtration (mean pore size, 0.45 ,Lm). The product had a spectrum identical to authentic 4,5-dihydroxyphthalic acid (14) , and analysis by high-pressure liquid chromatography revealed a residual phthalic acid concentration of less than 5 with chloramphenicol added to prevent the induction of aerobic enzymes, phthalic acid was quantitatively transformed to benzoic acid ( Fig.  1 and 2 ). For the experiment summarized in Fig.  1 (Table 2) . In subsequent experiments, Bacillus sp. strain FO was grown aerobically on phthalic acid into late-log phase, and the flasks were then closed with rubber stoppers and shaken for a further 2 h before harvesting to derepress the enzymes for nitrate respiration. Cells so treated reduced nitrate to nitrite and quantitatively converted phthalic acid to benzoic acid when incubated anaerobically with chloramphenicol to suppress the induction of the enzymes of anaerobic aromatic catabolism. For example, the phthalic acid concentration fell from 2.50 to 1.77 mM, whereas the benzoic acid concentration rose to a level of 0.66 mM (Table 3 ). Bacillus sp. strain FO also decarboxylated 4-hydroxyphthalic acid to yield a mixture of 3-and 4-hydroxybenzoic acids, but 4,5-dihydroxyphthalic acid was not detectably consumed or converted to protocatechuic acid (Table 3) . 3-Fluorophthalic acid and 4-chlorophthalic acids were specifically decarboxylated to yield 3-fluorobenzoic acid and 3-chlorobenzoic acids, respectively ( (4-6, 9, 18, 23, 24) , and they may be important in the anaerobic dissimilation of aromatic compounds (10, 12). de- carboxylase activity, similar to that in P. testosteroni and other pseudomonads and micrococci (7, 15, 21) , that promotes the nonoxidative de- carboxylation of 4,5-dihydroxyphthalic acid. The two decarboxylating enzyme systems are distinguishable by their substrate specificities and products (Table 5 ). The 4,5-dihydroxyphthalic acid decarboxylase did not attack halogenated substrates and, similar to the enzyme in P. testosteroni, specifically decarboxylated 4-hydroxyphthalic acid to yield 3-hydroxybenzoic acid. The phthalic acid decarboxylase attacked phthalic acid and its halogenated derivatives but not 4,5-dihydroxyphthalic acid, and it produced both 3-and 4-hydroxybenzoic acids from 4-hydroxyphthalic acid. A minor, but as yet inexplicable, difference between the phthalic acid decarboxylases in Bacillus sp. strain FO and the mixed culture ON-7 involves the metabolism of 3-fluorophthalic acid. The mixed culture ON-7 yields a mixture of 2-and 3-fluorobenzoic acids from this substrate, as did Bacillus sp. strain FO in earlier experiments (2); however, only 3-fluorobenzoic acid was detected as a product with Bacillus sp. strain FO in the current studies. An organism that possesses phthalic acid decarboxylase could not be isolated from the mixed culture ON-7, but a bacterium, Acinetobacter sp. strain OP-1, that grows aerobically on phthalic acid and reduces nitrate to nitrite was previously isolated from the mixed culture (1). Cell suspensions of this isolate grown aerobically on phthalic acid and induced for nitrate reduction anaerobically decarboxylated 4,5-dihydroxyphthalic acid to protocatechuic acid but did not anaerobically attack phthalic acid even in the presence of nitrate.
The conversion of phthalic acid to benzoic acid by phthalic acid decarboxylase may involve two separate steps, with an initial reduction of phthalic acid to 1,2-dihydrophthalic acid (3,5- cyclohexadiene-1,2-dicarboxylic acid) (Fig. 3) . 1,2-Dihydrophthalic acid has been synthesized and is a stable compound (16), but an enzymecatalyzed transfer of a hydride ion to an oxidized pyridine nucleotide could cause its oxidative decarboxylation (Fig. 3) . The postulated mechanism would account for the formation of both 3-and 4-hydroxybenzoic acid from 4-hydroxyphthalate, and it resembles the reaction sequence involved in the aerobic oxidation of benzoic acid to catechol (19, 20) . The reductant in stage 1 may be at a low potential and its generation may require energy, thus explaining the requirement for either oxygen or nitrate for the overall conversion of phthalic acid to benzoic acid.
